A first principles embedded cluster approach is used to calculate O chemical shielding tensors, σ, in prototypical transition metal oxide ABO3 perovskite crystals. Our principal findings are 1) a large anisotropy ofσ between deshielded σx ≃ σy and shielded σz components (z along the Ti-O bond); 2) a nearly linear variation, across all the systems studied, of the isotropic σiso and uniaxial σax components, as a function of the B-O-B bond asymmetry. We show that the anisotropy and linear variation arise from large paramagnetic contributions to σx and σy due to virtual transitions between O(2p) and unoccupied B(nd) states. The calculated isotropic δiso and uniaxial δax chemical shifts are in good agreement with recent BaTiO3 and SrTiO3 single crystal 17 O NMR measurements. In PbTiO3 and PbZrO3, calculated δiso are also in good agreement with NMR powder spectrum measurements. In PbZrO3, δiso calculations of the five chemically distinct sites indicate a correction of the experimental assignments. The strong dependence ofσ on covalent O(2p)-B(nd) interactions seen in our calculations indicates that 17 O NMR spectroscopy, coupled with first principles calculations, can be an especially useful tool to study the local structure in complex perovskite alloys. 
I. INTRODUCTION
Due to their reversible polarization and strong electromechanical coupling, ferroelectric perovskite oxides are key components in many electronic and mechanical devices such as sensors, actuators, and random access memory.
1 The largest piezoelectric response occurs when competing structural instabilities are present, 2 so that the local structure depends sensitively on strain, external fields, and chemical composition, as for example, near the morphotropic phase boundary near x = 1/2 in Pb(Zr 1−x Ti x )O 3 (PZT). Nuclear magnetic resonance (NMR) can be an important probe of local structure, and NMR has increasingly been used to study complex ferroelectric alloys.
3,4,5 First-principles calculations of NMR properites are likely to play an important role in helping to interpret complex measured spectra.
A material's characteristic NMR spectra is determined by the coupling of the nuclear magnetic dipole and electric quadrupole moments with the local magnetic field and with the electric field gradients (EFG), respectively.
6
The chemical shielding tensor,σ, determines the local magnetic field at a nucleus
where the induced field B ind = −σB ext arises from electronic screening currents. Theoretical determination of the chemical shielding tensor,σ, is more subtle than the EFGs, since the latter depend only on the ground state charge density. Linear response methods have long been used to calculateσ for isolated molecules and clusters. 7, 8, 9, 10, 11, 12, 13 In extended systems complications arise due to the use of periodic boundary conditions (PBC), 14, 15, 16 and implementations have been limited to planewave-based methods. Recently, an alternative to the linear response method has been proposed based on calculations of the orbital magnetization. 17, 18, 19, 20 If this approach proves successful, calculations ofσ could be implemented in other standard band structure codes, including all-electron methods. 19 Calculations ofσ in crystals and extended systems have largely used finite-size clusters, due to the lack of generally available PBC computer codes with NMR functionality. Accurate results can be obtained with this approach if the screening currents are sufficiently localized near the target nucleus, and if its local environment is adequately modeled by the cluster. Embedded cluster techniques have been successfully used in crystals and macromolecules to obtain nuclear quadrupole resonance spectrum, ligand to metal charge transfer excitations, photoemission, electric field gradients, and hyperfine coupling in high T c superconductors. 21, 22, 23, 24 Such calculations have generally used standard allelectron quantum chemistry methods, which are widely available in many quantum chemistry computer programs, such as GAUSSIAN. 25, 26 These methods are very mature and can calculateσ with a range of approximations, using well tested Gaussian type orbital (GTO) basis sets. 27 In increasing order of computational cost, these methods range from mean-field type [density functional theory (DFT), Hartree Fock (HF), and hybrid methods] to correlated approximations [such as secondorder Moller-Plesset (MP2) perturbation and coupled cluster (CC) methods]. 7, 28, 29 The present cluster calculations exploit this flexibility to calculate chemical shieldings, comparing DFT/GGA, restricted HF (RHF), and hybrid-DFT/B3LYP calculations. Currently, only LDA and GGA DFT approximations are available for NMR calculations in PBC methods.
For covalently bonded systems, cluster calculations typically use hydrogen atoms to terminate dangling bonds at the cluster surface.
8 Instead, we use point charge embedding 30 to model the long range Coulomb interactions in the ABO 3 materials studied here. Additional techniques are also used to better handle the polarizable character of the large O 2− anion and also to control surface depolarization effects.
In this paper, we show that the embedded cluster approach can yield accurate oxygenσ for transition metal perovskites. The focus is on four prototypical materials: BaTiO 3 , SrTiO 3 , PbTiO 3 and PbZrO 3 . Strong covalency between the O and transition metal B atoms (and between the A and O atoms in Pb based materials) delicately balance ionic electrostatic interactions in these materials and related alloys, resulting in a wide variety of interesting and technologically important properties. The classic ferroelectric material BaTiO 3 exhibits three reversible temperature dependent ferroelectric phases. SrTiO 3 is a key constituent in superlattice structures with novel material properties.
2 PbTiO 3 is the prototypical Pb based ferroelectric. The strong covalency of Pb on the A-site is responsible for the large c/a = 1.065 ratio in PbTiO 3 , and it plays a similar role in large electromechanical response of relaxor ferroelectrics such as PMN.
31 PbZrO 3 adopts a complicated non-polar antiferrodistortive structure with five chemically inequivalent O sites, which our calculations reproduce. PbZrO 3 is also of the end-point compounds, together with PbTiO 3 , of the PZT solid solution series.
The paper is organized as follows. The theoretical approach is described in Sec. II. Calculated results for ABO 3 systems are presented in Sec. III, and an analysis of the results is presented in Sec. IV. Finally, we summarize and conclude in Sec. V.
II. THEORETICAL APPROACH
After briefly reviewingσ conventions, the construction of embedded clusters for ionic materials is described. Finally, we describe the quantum chemistry methods and GTO basis sets used in the calculations.
A. Chemical shielding tensor
The chemical shielding tensorσ [Eq. (1)] is a mixed second derivative of the ground state energy with respect to the applied magnetic field and nuclear magnetic moment.
7 As such, it is an asymmetric second rank tensor with nine independent components in general, although its symmetry can be higher, depending on the site symmetry of the target nucleus. 32 The anti-symmetric part of σ contributes negligibly to the NMR resonance frequency shift, since it enters only in second order, 33, 34 although it can contribute to relaxation. 35 The symmetric part can always be diagonalized, and the NMR frequency is determined by the following combinations of its principal axis components
where σ iso , σ ax , and σ aniso are the isotropic, uniaxial, and anisotropic components, respectively. In this paper, σ z is chosen to correspond to the principal axis that is mostly nearly along the B-O-B bond direction.
Positive values of σ are conventionally denoted as shielding the external field, while negative elements are referred to as deshielding [see Eq. (1)]. Measurements of σ are usually reported with with respect to a reference compound, where the chemical shift tensor is defined as
B. Embedded clusters
An embedded cluster model is depicted in Fig. 1 . Its core consists of real, or "quantum" (QM) atoms, with the target O atom at its center. The total number of electrons is determined by satisfying the nominal formal valence of all the QM atoms. The A 4 B 2 O 15 QM cluster in the figure thus has a net charge of -14. The QM cluster is embedded in the classical potential due to point charges, pseudopotentials, and, in some cases, an external electric field to cancel surface depolarization effects, as described in following subsections. The atomic site designations nn and nnn, used below, denote nearest-neighbor and next-nearest-neighbor sites, respectively, and are based on the ideal structures. Thus, for example, the Ti atom in tetragonal P4mm PbTiO 3 would be regarded as having six nn O atoms, despite the distortion of the TiO 6 octahedron. In the actual calculations, the tetragonal distortion results in two chemically inequivalent O eq and O ax atoms (O ax lying on the polar axis), which require two separate embedded cluster calculations.
Quantum cluster
In all the QM clusters considered in this paper, the target oxygen atom is fully coordinated with QM atoms located at its nn and nnn sites. Secondly, the target atom's nn QM atoms are themselves fully coordinated with nn QM atoms. Finally additional QM atoms are added, as required by ideal perovskite symmetry. This procedure results in a 21 QM-atom cluster: (A 4 B 2 O 15 ) 14− , depicted in Fig. 1 , where A = Sr, Ba, or Pb; B = Ti or Zr. This includes two corner-shared BO 6 octahedra, centered on the targeted O atom (11 O and 2 B atoms), the target atom's 4 nnn A cations, and 4 additional O atoms, which are also one lattice constant away from the center atom. Tests with larger QM clusters were used to estimate convergence of the chemical shielding tensor with respect to cluster size, as discussed in Sec. II C.
Madelung potential: point charges
Next, the QM cluster is embedded in the crystal environment by surrounding it with a large array of point charges. The purpose of the point charges is to better simulate the crystal environment by generating the correct crystalline electrostatic Madelung potential in the QM region. The correct Madelung potential also plays a key role in stabilizing the O 2− ion, as has been shown in Gordon-Kim 37 type models, 38, 39 where the internal energy of ionic systems is determined from the energy of overlapping ionic charge densities. The finite point charge distribution is determined using the EWALD program, 30 as follows. In a first step, EWALD calculates the Madelung potential with the Ewald method for PBC, using nominal ionic values (e.g.,Q i = −2 andQ i = +2 for O 2− and Pb 2+ , respectively) for the atoms placed at crystallographic positions of the targeted system. In a second step, EWALD retains the nearest O(10 4 )Q i centered on the target atom, adjusting the values of the outermostQ i to reproduce the Madelung electrostatic potential on and in the vicinity of the QM atoms. In this second step, the nearest ≃ 500 − 750Q i are fixed at their nominal values, and, in addition, the net monopole and dipole moments of the point charge distribution are constrained to vanish.
Boundary compensation via empty pseudopotentials
To accelerate the convergence ofσ with respect to the size of the QM cluster, it is advantageous to control the artificial polarization of boundary O(2p) states. This arises from the strongly attractive electrostatic potential of neighboring cation point charges for QM oxygen atoms on the periphery of the cluster. To alleviate this, the nn and nnn cation point charges of boundary O atoms are replaced by "empty" pseudopotentials (ePSP), 40 as illustrated in Fig. 1 . The ePSP is defined as follows: i) it is a large core pseudopotential for the most loosely bound valence electrons of the corresponding cation (e.g., a Ti 4+ PSP); ii) there are no GTO basis functions associated with this site. The resulting modified cation classical potential simulates the Pauli cation core repulsion, thereby reducing the artificial polarization of boundary O(2p) states. 40 In the embedded 21 atom QM cluster discussed above, for example, 26 
Cancellation of electric depolarization fields
Due to the spontaneous electric polarization found in some materials, such as tetragonal PbTiO 3 , a macroscopic depolarizing electric field is present in finite samples, in the absence of surface compensating charges. Calculations using PBC are implicitly done in zero total macroscopic electric field, which automatically excludes surface depolarization effects. In the present finite size clusters, a depolarizing electric field can arise from a possible net dipole moment, due to polarization of the quantum mechanical charge density, i.e., from the wave functions of the QM cluster. The net dipole moment due to the point charges and ePSPs is zero by construction, as discussed above. The resulting depolarizing electric field is removed in the calculation, by applying an external electric field in the opposite direction. The magnitude of the external field is chosen so that the force on the central target atom matches that of an all-electron PBC linearized augmented planewave (LAPW) 41 calculation. In normal equilibrium conditions, using experimentally determined structures, the LAPW forces are usually small, since the theoretical structure is usually close to that of experiment.
C. Calculational details
The embedded cluster calculations were performed with the GAUSSIAN computational package. 25, 26 The chemical shielding tensor was determined using the continuous set of gauge transformations (CSGT) method. 42, 43 The gauge-independent atomic orbital (GIAO) method 44 was also used for comparison in some cases. The gauge origin in GIAO is at the target atom, yielding a useful decomposition into diamagnetic and paramagnetic components, as discussed further below and in the next Section. We did not include a surface dependent magnetic depolarization contribution to δ iso , which depends on the magnetic susceptibility.
45,46
Calculations were done using the DFT hybrid B3LYP, 47 as well as the generalized gradient approximation (GGA), using the PW91 form. 48 The B3LYP calculations were found to yield generally better agreement with experiment (Sec. III) than GGA. Site-centered GTO basis functions were associated with all the QM atoms. All-electron treatments were used for the O and Ti atoms, while the other QM atoms were represented using scalar-relativistic small core (RSC) pseudopotentials [also called effective core potentials (ECPs)]. All basis sets and ECPs listed below were taken from the EMSL website.
27 O-centered (A 4 B 2 O 15 ) 14− QM clusters were used in the calculations, suitably embedded with point charges and ePSPs, as discussed in Sec. II B). Test calculations for larger clusters were used to check size convergence, as discussed at the end of this section.
The RSC ECPs for the QM atoms were Sr(28), Zr(28), Ba (46) , Pb (60) , where the number of core electrons is shown in parenthesis. These pseudopotentials are generally specified by the same label as their associated basis sets listed below, except where otherwise indicated. For ePSPs (Sec. II B 3), which have no associated GTOs, scalar-relativistic large core (RLC) ECPs were used as follows: CRENBS RLC for Ti (18) and Zr(36); Stuttgart RLC for Sr (36) and Ba (54) . [The Ba ePSP was also used for the Pb ePSP atoms, because we could not find a large core Pb 2+ quantum chemistry type pseudopotential in the standard databases.] The following GTO basis sets were found to give well-converged results: O(IGLO-III), Ti(cc-pwCVTZ-NR), Zr(cc-pwCVTZ-PP), and Pb(cc-pVTZ-PP). For the Sr and Ba atoms, the associated Stuttgart RSC 1997 basis sets were used. The correlation consistent basis sets were employed in this study, because this basis function series facilitates a systematic study of chemical shift convergence with respect to basis set size. (We could not find correlation consistent basis sets for Sr and Ba.) The O(IGLO-III) basis set was used, because it was specifically designed for magnetic property calculations. In convergence tests, we found that it had quadruple-ζ (QZ) accuracy even though it has fewer basis functions.
In SrTiO 3 , for example, B3LYP CSGT principle value components calculated with the aforementioned basis sets differed by no more than 10 ppm from results calculated with the O(cc-pwCVQZ), Ti (cc-pwCVQZ-NR), and Sr (def2-QZVP) basis sets, while δ iso differed by only ≃ 8 ppm. In PbTiO 3 , changing the Pb basis set from DZ to TZ changed δ iso by less than 10 ppm, while the difference between inequivalent O sites changed by less than 4 ppm. These results are consistent with calculations for SrTiO 3 , using two different gauge methods, shown in Table I , where, in the infinite basis set limit, the CSGT and GIAO values should agree. The individual B3LYP components, σ x = σ y and σ z , are seen to differ by 3 and 26 ppm, respectively, while σ iso differs by only 6 ppm.
Size convergence errors of about 30 ppm in the absolute value of the chemical shieldings were estimated from calculations on larger clusters, using the above basis sets. 
, which has a complicated Pbam unit cell containing eight formula units, experimental lattice parameters from neutron scattering measurements were used together with internal coordinates determined from first principles calculations.
53 All calculations were carried out using the embedded cluster approach described in Sec. II, using the hybrid B3LYP exchange-correlation functional. In some cases RHF and GGA/PW91 results are reported for comparison. Table I presents A striking feature in Table I is the large σ x ≃ σ y vs. σ z anisotropy of the principal values for each case, with two large negative (deshielded) principal values and one considerably smaller positive (shielded) σ z principal value. The O atoms have their highest site-symmetry in the cubic crystals, resulting in an exact two-fold σ x = σ y degeneracy. For lower symmetry cases, the degeneracy is lifted, but the splitting remains small in most cases; the largest splitting is 65 ppm for the O1-4g site in PbZrO 3 . As shown by the GIAO calculations for SrTiO 3 , the anisotropy arises from the paramagnetic components. We note that the GIAO diamagnetic components in SrTiO 3 differ by only ≃ 40 − 50 ppm from that of the the isolated, purely diamagnetic, O 2− atom. In the fake SrTiO 3 calculation, where d-like (ℓ = 2) Ticentered GTO basis functions were deliberately excluded from the calculation, the large x, y vs. z anisotropy is absent. The fake diamagnetic values are closer to the atomic O 2− shielding, and the paramagnetic contributions are close to isotropic. The x, y vs. z anisotropy of the calculated principal values and its relation to O(2p) hybridization with the B-atom d-states is analyzed in Sec. IV A. Table II compares the results for SrTiO 3 and BaTiO 3 in Table I with recent single crystal measurements 54 and with earlier powder spectrum measurements of the isotropic shifts. Isotropic and uniaxial components of the chemical shift tensors are given, where δ ax = (δ z −δ iso )/2, using Eq. (2). In SrTiO 3 , the calculated δ iso and δ ax differ from experiment by ≃ 20 ppm and ≃ 9 ppm respectively. In BaTiO 3 , δ iso calculated and experiment values differ by at most 16 ppm. Table III compares the results for PbTiO 3 and PbZrO 3 isotropic shifts δ iso (derived from Table I) with well resolved measured powder spectra. 55 For both systems, the calculated results differ from experiment by no more than 21 ppm, with an average discrepancy of approximately 10 ppm. Differences of relative shifts between chemical sites are smaller in most cases. For example, in tetragonal PbTiO 3 the calculated B3LYP splitting between the two inequivalent O sites is ≃ 200 ppm, in good agreement with measured powder spectra.
55

IV. DISCUSSION
A key feature in the electronic structure of transition metal perovskites are the covalent interactions between the O(2p) and the (formally) unoccupied transition metal-d states. Indeed, the delicate balance between covalent and electrostatic ionic interactions is responsible for the wide variety of interesting properties exhibited by these materials and related alloys. In this section, we analyze the calculated chemical shieldings in Sec. III in relation to p-d hybridization.
The measured NMR 17 O spectra show narrow well separated peaks in these materials, indicating that secondorder quadrupolar broadening and, thus, the electric field gradients (EFGs) are small, 55 consistent with first principles calculations of O EFGs. 53, 56 For the systems studied here, all the O sites are clearly resolved in the measurements, and the chemical shielding tensor largely determines the second order quadrupolar peak positions.
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A. p-d hybridization and anisotropy of oxygen chemical shielding
As mentioned, a striking feature in Table I is the large anisotropy of the chemical shielding principal values. This is due to hybridization between the O(2p) and virtual B-site d-states. The qualitative features can be understood from a simplified picture, which focuses on the B-O-B quasilinear structural unit (Fig. 1) . In a linear molecule, the dependence ofσ on the direction of the applied field B ext is particularly simple, if we choose to locate the vector potential gauge origin at the target nucleus. 57, 58 In this case, when B ext is parallel to the molecular axis, only the diamagnetic (shielding) component contributes toσ; when B ext is perpendicular to the axis, both diamagnetic and paramagnetic (deshielding) components contribute. (Note that the calculatedσ are invariant under a change of the gauge origin. Consequently, we are free to interpret theσ values as if they had been calculated with any particular choice of origin.) The diamagnetic component depends only on ground state wave functions, while the paramagnetic component depends on virtual transitions to unoccupied states, i.e., occupation of virtual states in the first order perturbed wave functions. In a DFT or HF calculation, this implies that large paramagnetic contributions could be expected, if there are low lying unoccupied one particle eigenstates that are strongly coupled to occupied states. This is the case in these materials, where there is strong coupling between O(2p) and virtual B-site d-states.
In cubic SrTiO 3 , for example, when B ext is applied along the Ti-O bond direction (z-direction), the O nucleus is shielded by the applied field (i.e., the principal value σ z = 90 is positive [Eq. (1)]). By contrast, when B ext is perpendicular to the Ti-O bond, the O nucleus is strongly deshielded (σ x = σ y = −343) as shown in Table I . According to this B-O-B picture, we would infer that only diamagnetic contributions should contribute to σ z = 90, and the positive σ z = 90 value is consistent with this. Similarly, we would attribute the deshielded σ x = σ y = −343 value to paramagnetic contributions arising from the O(2p)-Ti(3d) hybridization mechanism. This interpretation is supported by the fake SrTiO 3 calculations, where removal of Ti d basis functions quenches O(2p)-Ti(3d) hybridization and results in nearly isotropic principal value components, σ x = σ y ≃ σ z .
While qualitatively correct, the simple B-O-B model leaves out important crystalline effects. Thus the SrTiO 3 GIAO total shielding value σ z = 116 arises from cancellation of large diamagnetic σ d,z = 371 and smaller paramagnetic σ p,z = −255 components. Note that the fake σ p,z = −262 value is similar to the normal σ p,z = −255 value; in addition σ p,xy ≃ σ p,z in the fake calculation. We therefore attribute the presence of a non-zero σ p,z to interactions with other atoms in the crystal, which are neglected in the simple B-O-B picture.
Variations in B-O-B bond distances will affect O(2p)-B(nd) hybridization, and this should be reflected by corresponding changes in the calculated oxygen chemical shieldings. This is the case, as seen in Figure 2 , which shows that the isotropic δ iso and uniaxial δ ax chemical shifts [Eq.( 2)] exhibit a remarkably linear variation as a function of r s , the shortest B-O bond length of the targeted O atom. 59 Indeed, δ iso changes by more than a factor of two over the plotted range.
The linear behavior is largely due to the deshielding σ x and σ y components in Table I . To frame the discussion in terms of the paramagnetic components of the shielding tensors, we first subtract the diamagnetic component of the isolated O 2− atom, σ(O 2− ) = 410 ppm, defining σ p,z = σ z − σ(O 2− ) and σ p,xy = (σ x + σ y )/2 − σ(O 2− ). These are plotted in Fig. 3 . An alternative choice would be to plot the GIAO paramagnetic component. Even had we done GIAO calculations for all the different O-sites, this choice is not necessarily better, since both the diamagnetic and paramagnetic GIAO components include contributions from neighboring atoms. 44 Moreover, the separation into diamagnetic and paramagnetic components is, at best, only qualitatively useful, since the separate components depend on the choice of gauge method. The present choice is physically motivated, using a well defined diamagnetic reference system. As indicated by the SrTiO 3 GIAO diamagnetic components, which differ by only ≃ 40 − 50 ppm from the O 2− value (Table I) , this subtraction largely removes the closed shell diamagnetic response. In any case, our definition of σ p simply shifts all σ principal values by a constant. As seen in Fig. 3 , both σ p,z and σ p,xy vary linearly with r s . The average slope of σ p,xy is ≃ 5 times larger in magnitude than that of σ p,z . This shows that the linear behavior in Fig. 2 is largely due to the variations of the deshielding σ x and σ y components, which arise from the p-d hybridization mechanism.
The p-d hybridization mechanism also plays a key role in producing the anomalously large dynamical (Born) effective charge tensors Z * , which are universally seen in perovskite ferroelectrics for the O, transition metal B, and Pb atoms. ) covalency is essential for ferroelectricity in transition metal perovskites, mitigating the repulsion between otherwise rigid ion-cores, which tends to suppress ferroelectric distortion; under pressure, this mechanism eventually fails and ferroelectricity disappears.
66 Figure 3 shows that the the anisotropy between σ p,xy and σ p,z increases linearly with decreasing r s , consistent with this picture, and indicating a strengthening of the p-d hybridization mechanism as r s is reduced.
B. Exchange and correlation effects
Despite the fact that the B3LYP band gap is nearly a factor of two larger than that of GGA, the results in Tables I and II are fairly similar, with the exception of PbTiO 3 , where the B3LYP results are in better agreement with experiment (Table III; Sec. IV C). Although larger band gaps result in larger energy denominators in the paramagnetic perturbative equations, 57, 58 there is little difference in the shieldings between the two methods. Similarly, a significant deshielded SrTiO 3 RHF paramagnetic component is evident in Table I , despite the much larger RHF HOMO-LUMO gap of 8.8 eV, compared to the B3LYP 3.6 eV gap. The apparent dependence of the chemical shielding on the band gap can be somewhat misleading, however, since the transverse paramagnetic component of the first order current density could be made to vanish under suitable gauge transformations within the CSGT gauge method. 42, 67 The entire shielding would then be given by the diamagnetic component, which depends only on the occupied single particle states. Similar observations were made regarding calculations of the the spontaneous polarization P and Z * in ferroelectric perovskites, where RHF results for these quantities were found to be in good numerical agreement with both experiment and with DFT calculations, 68,69 both methods yielding anomalously large Z * .
C. Comparison of oxygen chemical shifts with experiment
The calculated results in Table II In PbTiO 3 , the O ax atom has two nn Ti atoms along the polar direction, with one short 1.77Å and one long 2.39Å bond length, while the O eq has two equal bonds of 1.98Å. The experimental assignment of the two measured peaks is simplified by the fact that the relative integrated intensities of the two O spectral peaks corresponds to the 1:2 ratio of the O eq to O ax atoms in the simple 5-atom primitive unit cell. 55 The large ≃ 200 ppm experimentally observed 55 splitting between the O ax and O eq reflects their very different Ti-O bond lengths. The B3LYP calculated chemical shifts in Table III reproduce the ≃ 200 ppm splitting, while GGA underestimates it by ≃ 50 ppm. Basis set and cluster size convergence errors (Section II C) can be expected to largely cancel in these calculated splittings, reducing the residual uncertainty to less than about 10 ppm. We are not aware of any measurements of the 17 O uniaxial asymmetry in PbTiO 3 .
In PbZrO 3 the peak assignments are more difficult, because four of the five inequivalent oxygen sites have the same ratio of occurrence in the unit cell. In Ref. 55 the peak assignment in the NMR spectrum was made based on the assumptions that (1) the proximity of the Zr cation plays the most important shielding role and (2) that the largest chemical shift corresponds to the largest bond length. The present calculations indicate that the first assumption is correct, but not the second. Instead, as seen in Fig. 2 , the largest chemical shift corresponds to shortest bond distance between the targeted O atom and its nearest B atom. Indeed, the figure shows that this holds true, not only for PbZrO 3 , but across several compounds, over a wide range of chemical shifts. Our calculations indicate that chemical shift site assignments for the O(4) and O(5) atoms in Ref. 55 (their Table 1 ) should be reversed. Finally, we note that differences between theory and experiment in the relative splittings are smaller than those of the absolute splittings, i.e., a rigid shift of the calculated B3LYP (GGA) values in Table III by ≃ 10 ppm (≃ −15 ppm) removes most of the the discrepancies.
V. SUMMARY
We have shown that first-principles embedded cluster calculations, using the DFT hybrid B3LYP method, can accurately calculate O chemical shifts for prototypical perovskite structure transition metal oxides. Calculated isotropic and uniaxial chemical shifts were found to be in good agreement with recent single crystal NMR 17 O measurements for SrTiO 3 and BaTiO 3 . For ferroelectric P4mm BaTiO 3 and PbTiO 3 , the calculations accurately reproduced measured power spectra NMR isotropic chemical shifts δ iso for the two inequivalent O sites. The large ≃ 200 ppm experimental splitting in P4mm PbTiO 3 is well reproduced by B3LYP, but DFT/GGA underestimates it by ≃ 50 ppm. In PbZrO 3 , experimental and calculated δ iso are in very good agreement, but experimental peak assignments are more difficult, since four of the five inequivalent O sites appear in the same ratio. Our calculations, indicate a correction of the experimental assignments in Ref. 55 .
Our most notable findings are 1) a large anisotropy in the chemical shielding tensor, between deshielded σ x ≃ σ y and shielded σ z components, the latter principal axis being along the 
